In this paper we experimentally demonstrate an oscillating energy shift of quantum-confined exciton levels in a semiconductor quantum well after excitation into a superposition of two quantum confined exciton states of different parity. Oscillations are observed at frequencies corresponding to the quantum beats between these states. We show that observed effect is a manifestation of the exciton density oscillations in the real space similar to the dynamics of a Hertzian dipole. The effect is caused by the exciton-exciton exchange interaction and appears only if the excitons are in a superposition quantum state. Thus, we have found clear evidence for the incoherent exchange interaction in the coherent process of quantum beats. This effect may be harnessed for quantum technologies requiring the quantum coherence of states.
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Excitons in high-quality semiconductor nanostructures are considered as one of the most promising systems for the implementation for quantum computation [1, 2] . Their high radiative decay rate (up to 10 11 s −1 [3, 4] ) makes it possible to operate such systems at excellent rates and renders light-matter interaction highly efficient. Exciton systems are also characterised by strong non-linearities and long-lived, so-called Raman coherence which are an essential building block for many quantum computation architectures. It is well known that a major contribution to these strong non-linear properties is given by the exciton-exciton interaction [5, 6] . For example, it is the exciton-exciton scattering process that provides functioning of a polariton laser [7] [8] [9] . Another striking manifestation of this interaction is the energy shift of exciton (polariton) resonances with increasing exciton density under intense optical excitation [10] [11] [12] . Here, a long-term exciton spectral shift occurs due to the interaction of exciton states [13] with other excitations generated by light: free carriers [14, 15] and excitons [11, 16] .
Experiments show [17] [18] [19] that, in semiconductor quantum wells, the amplitude of the exciton energy shift strongly depends on the mutual orientation of the spins of the interacting excitons. According to Ref. [5] , the primary spin-dependent mechanism causing an exciton energy shift is the exchange interaction. In this case, the main contribution to the interaction energy arises due to the exchange of electrons and holes in the interacting excitons. The corresponding energy shift, δε, equals to αN X , where α is the constant of the exchange interaction (exchange integral) and N X is the concentration of excitons in the system. Note, that the exchange integral does not depend on time, so up to date, the time dependence of the energy shift in time-resolved experiments was only observed as an exponential decay of δε associated with the decay of N X .
A prominent manifestation of quantum Raman coherence is the appearance of quantum beats caused by the interference of states of a quantum system. This effect may be observed under simultaneous excitation of several energy levels to a coherent superposition state. Quantum beats were experimentally observed as periodic oscillations of the intensity in time resolved luminescence [20, 21] , or as oscillations of the amplitude in four-wave mixing and in pump-probe experiments [22] [23] [24] [25] [26] [27] [28] [29] . It is important to note that in exciton systems this effect is not related to the interaction between the excitons. However, simultaneous appearance of the excitonexciton interaction and quantum beats has not been observed so far.
Here we report on the first observation of the incoherent exciton-exciton interaction manifesting in coherent quantum beats. In our experiments, we have observed the oscillations of exciton resonance energies in time induced by a short optical pulses. We demonstrate that the energy oscillations appears due to the exchange interaction of quantum confined excitons created in a superposition state.
We experimentally study the nonlinear exciton dynamics in a sample with a relatively wide InGaAs quantum well. The sample was grown by molecular beam epitaxy on a GaAs substrate. The sample contains a 90 nm thick In x Ga 1−x As/GaAs quantum well (QW) with Indium concentration x ≈ 2.5%. The depth of the QW for excitons is of about 25 meV. Figure 1 quantum-confined exciton levels |X1 , ... |XN . These states manifest themselves in the reflection spectrum of the sample as it is shown in Figure 1 (b) [30] . This system is well adapted for studies of processes related to quantum coherence since by varying the spectrum of a short optical pulse one may excite the system into various superposition states [28] .
The experiments were performed by spectrally and polarization-resolved pump-probe spectroscopy. In our experiments, we used spectrally broad 100 fs probe pulses and spectrally narrow 2 ps pump pulses [19, 31] . The circularly polarised pump spectrally tuned to the exciton resonance X1 covered also the nearest exciton state X2, thereby exciting the system to a superposition state. The reflection spectra in co -and cross-circular polarizations for each delay between the pump and probe pulses were measured simultaneously. Figure 2 shows the experimental data obtained at a relatively large pump power of 12 mW for a 100 µm spot .
Let us emphasise some of the most remarkable phenomena observed at positive delays between pump and probe pulses. The formation of the pump-probe signal at negative delays occurs due to a different mechanism [32] [33] [34] , its discussion is beyond the scope of this work. Experimental data obtained at co-polarized pump and probe beams (see Figure 2 (a)) reveal oscillations which manifest themselves not only in the amplitude but also in the energy of the exciton resonances. Figure 2 (b) shows that these oscillations are absent in cross-polarization. To obtain the parameters of the observed oscillations, we performed a detailed analysis of the reflection spectra. The analysis is based on the method presented in [35] , which we generalised to the case of several nearest exciton states [30, 36] . The amplitude reflection coefficient from the QW considering several exciton resonances reads:
Hereω 0N is the resonance frequency of the exciton resonance XN, Γ 0N and Γ N are the radiative and nonradiative decay rates, respectively. The phase ϕ N is related to an asymmetry of the QW potential, caused by segregation of Indium during the growth process [37] . The reflectivity R(ω) of a structure with a cover layer of thickness L b and QW thickness L QW is given by [35] : where r 01 is the amplitude reflection coefficient of the sample surface, phase φ = K(L b +L QW /2), with K being the wave vector of the photon in the heterostructure. The reflectance spectra were fitted using equations (1) and (2) . Despite a large number of parameters, all of them are uniquely determined with high accuracy. A set of reflection spectra measured at varying time delays between the pump and probe pulses was processed. For the processing, we used the results obtained at the relatively small pump power of 2 mW per 100 µm spot (6 times smaller than that used for the data presented in Figure 2 , corresponding colourmaps shown in Suppl. Mat.
[31]). At higher pump powers, the shift of the exciton lines exceeded the distance between the X1 and X2 resonances, which did not allow us to separate these features spectrally. Figure 3 shows the delay dependences of the parameters for the X1 and X2 exciton resonances in the reflection spectra. The corresponding dependencies for the remaining excitonic resonances are presented in Suppl. Mat.
[31]. These dependencies highlight the common origin of the observed phenomena. The delay oscillations of all parameters of the exciton resonance are clearly observed only for co-polarized pump and probe pulses. Importantly, the oscillations frequency corresponds to the energy difference between the exciton states X1 and X2, h(ω 02 −ω 01 ) = 0.53 meV.
Usually, the oscillations in the pump-probe signal, when the pump excites several exciton states, are explained in terms of oscillations of the total dipole moment of a three-level (multilevel) system, coherently excited to a superposition state. This is a well-known effect of quantum beats [20, 21] , where the oscillations arise due to interference of electrical dipole moments of optical transitions oscillating at optical frequencies. It gives rise to oscillations of Γ 0 [see Figure 3 (a)]. However, as our experiments show, the oscillations also manifest themselves in all other parameters of the exciton resonances. An oscillating dependence of the exciton resonance energies on the excitation to the superposition state has not been observed before. Thus, the obtained data provides a new insight into the interplay between the interaction in many-body ensembles and quantum beats phenomenon.
The oscillations observed in the delay dynamics of the exciton resonance frequencyω 0N are not connected with the interference of exciton dipole moments, but appear due to the exchange interaction between excitons excited to the superposition states. The crucial role of the exchange interaction is indicated by the pronounced dependence of the effect on the spin state of the excitations: oscillations of the exciton resonance parameters are clearly seen in the co-polarised probe and pump pulses and are absent for crossed polarizations. We believe that the small residual effect observed in cross-polarization can be traced back to biexciton formation. However, in this work we focus on the physical mechanism of formation of oscillations of exciton resonance energies observed in co-polarisation.
The energy oscillations are caused by the quantum coherence between excitonic states X1 and X2, which can be described conveniently in the basis of the superposition states
For simplicity, let us assume equal dipole moments of X 1 and X 2 excitons and a spectrally broad pump pulse, while for the general case the results are qualitatively the same [31]. In this limit at t = 0 the pump pulse coherently excites N 0 excitons in the state X + only, and then the quantum beats between X + and X − states take place. The numbers of the excitons in these states are
where Ω =ω 02 −ω 01 is the frequency of the beats, γ 0 is the exciton decay rate and γ c is the rate of decay of the Raman coherence between X1 and X2 states [31]. The probe pulse arrives at t = τ and creates a few X + excitons with a small in-plane wave vector, which interact with the pump excitons. We assume that interaction between the excitons created by the pump and probe pulses is proportional the the envelope of their wave functions. The envelope functions of X + and X − excitons are shown in Figure 1(c) , where one can see, that they are shifted to the opposite sides of the QW. The repulsion energy between the excitons at the same side of the QW is ω ex , while the interaction between the excitons at the opposite sides of the QW can be neglected. As a result, the amplitudes of the probe excitons X ± obey the Schrödinger equation
respectively, with the oscillating resonance frequencies ω 0 + ω ex N ± (t). From the solution of these equations with the initial conditions α + (τ ) = α 0 and α − (τ ) = 0 one finds the amplitudes of the probe excitons and the probe excitons polarization P (t) ∝ α + (t). Ultimately, the Fourier transform of the polarization evolution provides the reflectivity spectrum of the QW.
To qualitatively describe the effect of the oscillating exchange interaction strength, we note that, in the real space, the quantum beats described by Eq. (4) represent the oscillations of the pump exciton density between the two sides of the QW, see Figure 1 (c). The density of the probe excitons oscillates in a similar way, but with the time delay τ . These oscillations of the spatial density of electrically neutral excitons are analogous to the charge jumps in the Hertzian dipole [38, 39] . If the phase of these oscillations is the same, i.e. τ = mT (m = 0, 1, 2, . . .) with T = 2π/Ω, than the maxima of pump and probe excitons always overlap, and their interaction leads to the effective increase of the exciton resonance energy. In the opposite case of τ = mT + T /2, the pump and probe excitons oscillate between the sides of the QW with the opposite phases and hardly overlap, see Figure 1 (c). In this case the probe exciton resonance energies ω 1,2 remain "bare". The shift of the resonance frequencies is demonstrated clearly in Figure 4(a) , where the reflectance spectra for the delays τ = 0 and T /2 are shown.
To describe the full dependence of the exciton resonance energies on τ , we calculate the spectra for different delays [31] and fit them in the same manner as the experimental ones. The result of this calculation is shown in Figure 4(b) . In panels (c) and (d) one can see the in-phase delay oscillations of the X1 and X2 exciton resonance energy shifts and anti-phase oscillations of the non-radiative broadening exactly as found in experiments (compare Figure 3 and Figure 4 ). From panel (c) one can see, that the energy shift oscillates around the value determined by the incoherent exciton-exciton interaction. The decay of the pump exciton population leads to the decay of the amplitude of energy oscillations as well as well as to the decay of the amplitude of the non-oscillating shift.
In conclusion, we observed coherent nonlinear exciton dynamics in a wide InGaAs QW. We modified the pumpprobe method to include the spectral resolution and measured the modification of the parameters of the exciton resonances as functions of the delay between the pump and probe pulses. We found delay-dependent oscillations of the exciton resonance energies. These oscillations arise from the real-space exciton density oscillations caused by quantum beats in a manner similar to a Hertzian dipole. The oscillating density results in a delay dependent interaction strength between pump and probe excitons excited into the superposition state. Our results opens up the way to investigate coherent quantum superposition states through the incoherent interaction in any quantum multilevel system with strong interaction between excitations.
